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Abstract: This paper presents results from experiments that were carried out to study the effect
of porosity and grain orientation on flow resistance. Experiments were performed over three
rough surfaces; a water-worked gravel-bed, its non-porous facsimile (cast-bed) and the rotated
cast-bed (cast tiles rotated through 180◦). The first two beds were used to isolate the influence of
gravel-bed porosity on the bulk flow resistance and the rotated cast was used to study effect of the
grain orientation on the flow resistance. The results showed that the rotated cast-bed exerted
the highest flow resistance whereas the porous water-worked gravel-bed was, for comparable
hydraulic boundary conditions, characterized by slightly higher flow resistance than its non-porous
counterpart. The results from the bulk flow analysis were substantiated by a preliminary analysis of
flow velocity data.
Keywords: flow resistance; roughness; gravel-bed rivers; casting technique
1. Introduction
Gravel bed rivers represent an important stream-type in the fluvial environment. Gravel beds
are, in general, characterized by a large roughness influencing hydraulic and fluvial processes, which
in turn govern the turbulent flow structure, flow resistance, sediment transport, and morphological
development. Although these processes have been in the focus of research for a long time, there is still
a lack of knowledge with regard to near bed flow structure, flow resistance (e.g., [1–3]) and exchange
processes between the main stream and groundwater flow (e.g., [4,5]). This is partly associated with
the fact that many studies have focused mainly on the determination of roughness coefficients as a
function of characteristic grain-sizes thereby neglecting the structure of gravel beds.
Traditional methods quantify flow resistance through Manning’s roughness coefficient n, Chézy’s
flow resistance factor C or Darcy-Weisbach’s friction factor f [6]. These are interrelated and can be
written as a function of the bulk velocity U, water depth h and energy slope Sf. As an example,





where u∗ denotes the shear velocity which, for uniform flow conditions, can be determined according
to u∗ = (ghSf)0.5 with g = gravitational acceleration. Gravel-bed roughness is often described by a
characteristic grain size of the bed material (e.g., d50, d84 or d90) and is linked to the friction factor via
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empirical or semi-empirical relationships (e.g., [6–10]). However, gravel-beds are characterized by a
high degree of irregularities (grain shape, orientation, packing pattern, etc.), multiple roughness
scales (e.g., small and meso-scale bedforms such as pebble clusters, steps, pools, etc. [11]) and
therefore roughness properties may vary independently of grain size [12]. Some studies suggested
that the standard deviation of bed-elevations may be used as characteristic vertical roughness
scale (e.g., [3,13–15]) and further studies focused on the determination of characteristic horizontal
roughness scales through the analysis of longitudinal profiles or digital elevation models, respectively,
using spectral analysis, correlation functions and structure functions (e.g., [12,13,16,17]). Despite the
application of surface structure analyses, there is still no consensus regarding the interpretation of the
results or the most appropriate measure of bed roughness [18,19].
Moreover, it has often been tacitly assumed in flow resistance studies that fluvial beds may be
considered as non-porous structures despite the fact that natural gravel-beds are typically composed
of a coarse surface layer and a porous subsurface layer. This assumption implies that a porous and
non-porous bed with an identical surface structure would be characterized by exactly the same flow
resistance. However, the flow over porous beds is characterized by mass and momentum exchange
across the sediment water interface due to the pressure gradients driving the flow in and out of the
bed [20–22]. The exchange processes, also known as hyporheic exchange, are assumed to have a distinct
effect on the near bed flow field and hence flow resistance. In fact, compared to flow resistance studies,
only few studies have focused on the influence of bed porosity on flow resistance (e.g., [23–26]). These
studies have shown that porous beds impose higher flow resistance than similar non-porous beds.
The present paper investigates this topic further by analyzing experimental data which was
acquired over a porous gravel-bed armor layer and its impermeable facsimile. In an additional
experimental series, the facsimile was rotated through 180◦ so that the bulk flow analysis could be
extended towards the investigation of the effect of grain-orientation on flow resistance. Within this
paper, we focus on the effect of bed porosity on bulk flow characteristics such as the friction factor f,
while more detailed considerations regarding the near bed turbulent flow pattern will be presented in
a follow up study. The manuscript is organized as follows: the next Section presents a brief review on
the significance of bed porosity for flow resistance; Section 3 describes the experimental setup and
methodology, and the results are presented and discussed in Section 4. Conclusions are drawn in
Section 5.
2. Background
The effect of bed porosity on flow patterns has been investigated in several studies based on
data acquired in laboratory and numerical experiments over beds composed of different artificial
roughness elements. Most of these studies have revealed that the flow resistance over permeable beds
is larger than the flow resistance exerted by their impermeable counterparts (e.g., [23–28]). Moreover,
various studies have indicated a dependency of the friction factor with the relative thickness of the
permeable layer and the Reynolds-number Re = Uh/ ν, where ν is the kinematic viscosity of the fluid
(e.g., [24,26,29]). The increase of flow resistance with Re has been associated with shear penetration
into the porous bed [26–28] and the associated exchange of momentum between the surface flow and
the flow in the porous medium which increases the Reynolds shear-stress in the near bed region and
hence the flow resistance [25,27,29]. In this context, Breugem et al. [25] found that flow resistance
increases with bed permeability or ReK =
√
Ku∗/ν, where K is the permeability, and Manes et al. [27]
showed that the characteristic length scale of the turbulent flow over a permeable wall can be defined
by the depth of shear penetration. This penetration depth is related to the zero-plane position which
may be determined from the velocity profiles above the bed [27].
Comparing flow patterns over a single layer of gravel grains and multiple grain layers,
Manes et al. [28] highlighted the dependency flow resistance considerations from the definition
of bulk parameters. Assuming that the effective hydrodynamic roughness is related to the thickness
of the interface, i.e., the region where the surface and sub-surface flow interacts, and not to the size
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of the grains composing the bed, the friction factors of the non-porous bed were determined using
the fixed channel bottom as datum for bulk flow parameters such as flow depth and velocity. On the
other hand, for the quantification of the friction factors over the porous beds, Manes et al. [28] used the
roughness crest as datum to account for the unknown spatial extent of the interface which depends
on flow characteristics. This means that the flow in the interfacial sublayer (the region between the
roughness crests and troughs) was intentionally neglected in the bulk analysis presented in the study
of Manes et al. [28]. Defining the roughness crest as datum for the determination of water depth will
result in larger values for the bulk velocities and smaller water depths compared to the case where
the roughness trough is defined as datum. Thus, the use of different datums will be associated with
different estimates of the friction factor. Moreover, the subsurface flow-rate is typically difficult to
measure in experimental studies and is often not considered separately, i.e., it is often assumed that
the discharge used in the experiments represents the surface flow rate, although a small portion of the
flow is conveyed through the subsurface layer. For lower discharges, this may hamper the analysis of
flow resistance data from bulk analyses.
Most of the aforementioned studies have focused on the analysis of data obtained over beds
composed of rather regular roughness elements of similar size, and studies with real gravel-beds
remain rare. However, such investigations are needed to account for the non-uniform porosity variation
from the crest of the gravel-bed layer to the undisturbed subsurface layer (see [30,31]). The recent
study of Cooper et al. [32] used a casting technique to reproduce a non-porous section of 0.4 m
length and width of a water-worked gravel surface that was created in a 8.2 m long and 0.6 m wide
flume. The flow patterns over the permeable and non-permeable test section were compared based
on velocity measurements obtained with Particle Image Velocimetry (PIV). Focusing on the near-bed
region, Cooper et al. [32] concluded that the flow resistance imposed by the non-porous surface was
higher than that by the porous water-worked gravel-bed, which is contrary to the previous findings.
Cooper et al. [32] explained their findings from the analysis of the flow velocity data acquired at the
roughness crest. They observed higher double-averaged velocities (velocities averaged in the time and
space domain) over the gravel-bed than over the reproduced section and hypothesized that the higher
efficiency in the momentum transfer and lower kinetic energy over the porous gravel-bed is a strong
indicator that less energy was extracted from the mean flow.
To summarize, all studies related to the effect of bed-porosity revealed that flow resistance is
altered by the porosity. More specifically, most studies found that a porous bed offers higher flow
resistance than a comparable impermeable bed. This has been associated with the shear penetration
and momentum exchange over the porous medium caused by large-scale vortical structures. On the
other hand, the study carried out by Cooper et al. [32] over a gravel-bed concluded that flow resistance
over a non-porous water-worked gravel-bed is larger than over its permeable counterpart. Some
possible explanations for these contradicting results are discussed in Section 4 of this paper, as the
experimental methodology of our study is similar to the one used by Cooper et al. [32]. It is worth
mentioning that experiments presented in the following section were already ongoing when the study
of Cooper et al. [32] was published. Thus, the results of the experiments can be used to shed more light
on the influence of bed gravel-bed porosity on flow resistance.
3. Experimental Setup and Procedure
3.1. Experimental Facility
Experiments were conducted in a 12.5 m long 1 mwide and 1 m deep closed-circuit tilting flume in
the hydraulics laboratory at the Norwegian University of Science and Technology (NTNU), Trondheim,
Norway. The flume, schematically shown in Figure 1, has a 12.5 m long glass-sided working section
and a 2 m long inlet section consisting of a head tank and flow-conditioning section. In the experiments,
the flow was recirculated by two centrifugal pumps and the flow rate was regulated by electronic
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Table 1. Hydraulic boundary conditions applied for the measurements over the water-worked
gravel-bed. The bulk flow velocity was determined from the equation of continuity U = Q/Awhere













BC1 0.0018 0.00134 0.137 3.6 0.056 0.41 0.35 55 890 0.043
BC2 0.0015 0.00103 0.178 4.7 0.076 0.43 0.32 76 270 0.043
BC3 0.0015 0.00103 0.236 6.2 0.121 0.51 0.34 120 787 0.050
BC4 0.0020 0.00159 0.215 5.7 0.124 0.58 0.40 124 107 0.059
BC5 0.0013 0.00083 0.293 7.7 0.156 0.53 0.31 156 412 0.050
BC6 0.0010 0.00051 0.353 9.3 0.168 0.48 0.25 167 987 0.043
BC7 0.0015 0.00098 0.319 8.4 0.200 0.63 0.35 199 883 0.057
Velocity measurements were taken using the TSI stereoscopic particle image velocity system (SPIV;
2-dimensional 3-component velocimetry). The PIV measurements were carried out at x ≈ 8000 mm
and y ≈ 500 mm, i.e., in the centerline of tile number 4 (see Figure 3). The laser sheet was formed
by a Nd:YAG (neodymium-doped yttrium aluminum garnet) double-pulsed laser and was aligned
normal to the bed surfaces and parallel to the flume walls. The flow was seeded with polyamide
particles of 55 µm diameter. Two high speed 4 Mega Pixel CCD (Charge-coupled device) cameras
captured the particle images at a frequency of 20 Hz for a period of 150 s, producing 3000 image pairs
per camera i.e., 12,000 images in total. The images were post-processed and analyzed using the TSI
Insight 4G software. An interrogation area of 32 × 32 pixels with 50% overlapping was set to increase
the probability that the seeding particles close to the edges of the interrogation area correlated well.
The resulting grid size of the vector field was 16 × 16 pixels which corresponded to a spatial resolution
of 1.56 mm × 1.56 mm in streamwise and vertical direction respectively.
4. Results and Discussions
4.1. Comparability of the Surfaces
The vertical distributions of the porosity for initial gravel (surface-compacted), water-worked
gravel, cast and the rotated cast are presented in Figure 4. For thewater-worked gravel-bed, the porosity
obtained from the WDM measurements decreased from φ = 1 at the roughness top to an absolute
minimum just above the roughness trough before reaching an approximately constant value in the
sub-surface. The increase in porosity close to the plastic bottom of the flume was associated with the
combined effect of capillary action and poor sorting of gravel at the bottom [31]. The bulk porosity
of the water-worked gravel-bed was φ = 0.31 whereas the bulk porosity of the surface compacted
gravel was φ = 0.26; this difference was due to the larger height of the interfacial sublayer of the
water-worked bed compared to the surface compacted bed. Note that the porosity values φ > 1 for
the WDMmeasurements in Figure 4 are associated with the large spatial scale of the measurements
(spanning the whole gravel-bed) and the accuracy of the measurements (see also [30]). The porosity
distribution of the water-worked gravel-bed obtained by the WDMmeasurement matched the porosity
distribution derived from the laser scans gravel-bed from the roughness crest (z/H = 1) to z/H ≈ 0.85,
where H denotes the height of the bed measured from the flume bottom. Below z/H ≈ 0.85, the results
from the two methods deviate since the laser scan could not capture the pore space in the subsurface
layer, i.e., the measurement range of the laser scan was restricted to the distance from the roughness
crest to the roughness trough so that φ = 0 at the roughness trough for these measurements.
For the cast-beds, the porosity varied from φ = 1 at the roughness top to φ = 0 at the roughness
trough. These distributions were solely obtained from the analysis of the laser scan data as the
non-porous structure of the bed prevented the use of the WDM. The comparison of the porosity
distributions derived from the laser scan measurements nearly collapse on a single line which is a first
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The 2DSSFs can also be used to investigate the mean alignment of larger particles on the bed.
For the present case, the orientation of the long axis of the ellipses deviates 5 degrees from the flow
direction indicating that most of the larger particles are nearly aligned with their long axis in flow
direction. This is in agreement with previous studies investigating the surface structure of stable
armour layers [16]. Note that the patterns at larger spatial lags in Figure 7 reflect grain structures
larger than individual grains. However, despite the fact that they are statistically significant, their
value indicates only a low spatial correlation so that these patterns should not be interpreted [17].
4.2. Flow Resistance
The good agreement between the geometry of the original bed with its counterparts is a
prerequisite for the detailed analysis of differences in hydraulic resistance. Figure 8 shows (8/f )0.5
as a function of relative submergence (h/k) for the three surfaces. The lowest values of (8/f )0.5, i.e.,
a higher Darcy-Weisbach friction factor f, was observed for the tests over the rotated bed for relative
submergences h/k < 6. For relative submergences h/k > 6, the difference in (8/f )0.5 between the
rotated bed and the cast became smaller which may be due to the increasing submergence. Moreover,
the uncertainty associated with the water surface slope measurements increased for the highest
submergence for which Sw was rather small (~0.05%). On the other hand, in all tests with the rotated
cast-bed it was necessary to decrease the discharge to obtain the same water levels as in the tests with
the cast-bed (discharge reductions of up to 6% were required; the average was 4%). The higher flow
resistance exerted by the rotated cast-bed shows that the orientation of the grains on the surface has a
significant influence on flow resistance, i.e., the water working results in a more hydraulically efficient
bed configuration (e.g., [37]). For example, rotating the fixed cast-bed means that the lee-areas of
grains, where small grains typically settle during armoring, become exposed to the flow. Rotating the
cast-bed, these particles are directly exposed to the flow but cannot be eroded as they are part of the
cast. As a consequence these areas are characterized by a less hydrodynamic shape than comparable
frontal areas of real water-worked beds as the associated drag coefficient changes with the shape and
orientation [38]. Consequently, the rotated cast-bed imposes a higher resistance on the flow than the
cast-bed. This result thus implies that bed roughness cannot solely be described by a characteristic
grain size and that both surface structure and grain orientation play a vital role for the determination
of flow resistance [14,18,19].
Figure 8 further reveals small differences in flow resistance between the porous gravel-bed and
its impermeable counterpart. For the two lowest submergences (h/k = 3.6 and 4.7), (8/f )0.5 is larger for
the porous gravel-bed than for the impermeable cast-bed while for the larger relative submergences
this trend is reversed. This means that, for the two lowest submergences, larger friction factors were
obtained for the cast-bed than for the porous gravel-bed. These two experiments were carried out
with discharges of Q = 0.056 m3/s and 0.076 m3/s, respectively, for the gravel-bed and Q = 0.056 m3/s
and 0.074 m3/s respectively, for the cast-bed to obtain identical water depths h. Noting that a certain
amount of the flow is conveyed through the subsurface in the porous-bed tests, the discharge used
for the calculations of the bulk values in Table 1 should, strictly speaking, be reduced to account for
subsurface flow. The experimental setup did not allow for the measurement of the subsurface flow
rate but assuming a flow rate of approx. 0.001–0.002 m3/s, computations indicated that for these
two cases the flow resistance of the porous gravel-bed would be slightly larger than for the cast-bed
(h/k = 3.7) or approximately equal (h/k = 4.7). The significance of subsurface flow rate gradually
decreases with increasing discharge (and hence increasing relative submergence) so that the results for
the experiments carried out with h/k ≥ 5.7 (discharges Q ≥ 0.121 m3/s; Table 1) are less affected, i.e.,
in these tests the flow resistance of the porous bed was larger than for the cast-bed.
The literature review revealed that flow resistance over porous beds depends on Re (e.g., [24]),
and therefore f is plotted as a function of Re in Figure 9. Regarding the comparison of f obtained for
the experiments over the cast-bed and the rotated cast-bed, Figure 9 yields the same conclusions as
before; the rotated bed is characterized by higher flow resistance for all boundary conditions except
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The comparison of the profiles over the gravel-bed with the ones over the cast-bed shows that, for
the same boundary condition, the velocities above the crest in the near-bed region (8 mm < z < 80 mm)
are larger over the cast-bed than over the porous bed. While the aforementioned cast-bed profile for
BC2 shows larger velocities than the gravel-bed profile up to z ≈ 80 mm, the velocity profiles for BC3
and BC4 show higher values for the cast-bed up to z ≈ 140 mm before nearly matching the velocities
over the gravel-bed.
The smaller velocities over the crest of the water-worked gravel-bed in the near-bed region are
additional evidence that a porous water-worked gravel-bed imposes higher flow resistance. It is
interesting to note that in the interfacial sublayer (i.e., z < 8 mm), the flow velocities are partly larger
over the water-worked gravel-bed than over the cast, especially below the mean bed elevation (z < 0).
This can be explained by the ‘no slip’ condition for the non-porous cast-bed while, due to the porosity of
the subsurface layer, such a condition does only exist at the gravel-particle surfaces over the gravel-bed.
Note that due to the limitations of the PIV-setup, the velocity profiles could not be measured to the
roughness trough. Nonetheless, these preliminary results of the PIV data further confirm the results
from the bulk-flow analysis that the flow resistance over the porous gravel-bed is larger than over
the cast-bed.
The presented results together with the results of the qualitative analysis of the double-averaged
velocity profiles can be used to discuss the different results regarding the influence of porosity reported
by Cooper et al. [32]. The present study is based on experiments carried out over a casted surface
which covered nearly the entire flume area. On the other hand, the length and width of the cast-bed
in [32] was limited, corresponding roughly to about 5% of the total water-worked area, and the control
of the sub-surface flow was not clearly stated by Cooper et al. [32]. Moreover, the cast tile was placed
in the middle of the water-worked gravel and hence the transition from the gravel-bed to the cast-bed
could affect the flow patterns; however, here we can only speculate about this effect. On the other
hand, it is interesting to note that the range of relative submergence (h/k) in Cooper et al. [32] varied
between 3.1 and 4.6 with Re ranging between 64,000 and 84,000. The results presented in Figures 8
and 9 indicate that for comparable relative submergences and Re-values the cast-bed is ‘rougher’ which
coincides with the findings of Manes et al. [28], Cooper et al. [32] although the behavior of the velocity
profiles deviates from the one reported by Cooper et al. [32].
5. Summary and Conclusions
The present study presents results from an experimental program aiming at the investigation
of the effect of gravel-bed porosity and grain orientation on bulk flow resistance. Experiments were
carried out over three different surfaces; a water-worked gravel-bed, its non-porous counterpart
(cast-bed), and the rotated cast-bed. The quality of the reproduced beds was shown and discussed
based on laser-scan data and statistical parameters. Focusing on the analysis of bulk-flow parameters,
the results showed that the rotated cast exerted the highest flow resistance which yielded to the
conclusion that not only the surface structure but also its alignment regarding the flow direction (i.e.,
grain orientation) has a major influence on flow resistance. The results also confirmed the findings
from studies carried out over artificial beds that a porous gravel-bed imposes higher flow resistance
than its non-porous counterpart for comparable relative submergences. In the analysis of the data, the
importance of subsurface flow-rates was briefly highlighted, especially for low relative submergences
and hence slightly reduced surface flow rates. The subsurface flow rate has often been neglected in
flume studies dealing with the determination of flow resistance, and this can hamper the comparability
of results from experiments which were carried out over impermeable beds. The results of the present
study have practical implications. For example, colmation processes, i.e., the settling of fine particles
in the hyporheic zone, can change the porosity of the sub-surface, and hence the flow resistance (or
vice versa). Having analyzed bulk flow characteristics in this paper, we will use the PIV-data for the
detailed analysis of flow patterns over the three beds to investigate the effect of porosity on the near
bed turbulent flow field and turbulence characteristics in our upcoming analyses.
Water 2018, 10, 561 15 of 16
Author Contributions: Christy Ushanth Navaratnam and Jochen Aberle conceived and designed the experiments.
Christy Ushanth Navaratnam performed the experiments and analyzed the data with support from Jie Qin,
Pierre-Yves Henry and Jochen Aberle. All authors contributed to write the manuscript.
Funding: This research received no external funding.
Acknowledgments: Authors are thankful to C. Manes for providing the data from his study which helped to
compare results between these studies.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Nikora, V.; Koll, K.; McEwan, I.; McLean, S.; Dittrich, A. Velocity Distribution in the Roughness Layer of
Rough-Bed Flows. J. Hydraul. Eng. 2004, 130, 1036–1042. [CrossRef]
2. Aberle, J.; Koll, K.; Dittrich, A. Form induced stresses over rough gravel-beds. Acta Geophys. 2008, 56, 584–600.
[CrossRef]
3. Coleman, S.E.; Nikora, V.I.; Aberle, J. Interpretation of alluvial beds through bed-elevation distribution
moments. Water Resour. Res. 2011, 47, W11505. [CrossRef]
4. Vollmer, S. Einfluß der Oberflächenströmung auf die Permeable Gewässersohle; Universität Karlsruhe (TH):
Karlsruhe, Germany, 2005.
5. Detert, M. Hydrodynamic Processes at the Water-Sediment Interface of Sreambeds. Doctoral Thesis,
Universität Karlsruhe (TH), Karlsruhe, Germany, 2008.
6. Chow, V.T. Open-Channel Hydraulics; McGraw-Hill, Inc.: Singapore, 1959.
7. Keulegan, G.H. Laws of Turbulent Flow in Open Channels. J. Res. Natl. Bureau Standards 1938, 21, 707–741.
[CrossRef]
8. Hey, R.D. Flow Resistance in Gravel-Bed Rivers. J. Hydraul. Div. 1979, 105, 365–379.
9. Bathurst, J.C. Flow Resistance Estimation in Mountain Rivers. J. Hydraul. Eng. 1985, 111, 625–643. [CrossRef]
10. Ferguson, R. Flow resistance equations for gravel- and boulder-bed streams.Water Resour. Res. 2007, 43, W05427.
[CrossRef]
11. Hendrick, R.R.; Ely, L.L.; Papanicolaou, A.N. The role of hydrologic processes and geomorphology on the
morphology and evolution of sediment clusters in gravel-bed rivers. Geomorphology 2010, 114, 483–496.
[CrossRef]
12. Nikora, V.I.; Goring, D.G.; Biggs, B.J.F. On gravel-bed roughness characterization. Water Resour. Res. 1998, 34,
517–527. [CrossRef]
13. Smart, G.M.; Duncan, M.J.; Walsh, J.M. Relatively Rough Flow Resistance Equations. J. Hydraul. Eng. 2002,
128, 568–578. [CrossRef]
14. Aberle, J.; Smart, G.M. The influence of roughness structure on flow resistance on steep slopes. J. Hydraul. Res.
2003, 41, 259–269. [CrossRef]
15. Yochum, S.E.; Bledsoe, B.P.; David, G.C.L.; Wohl, E. Velocity prediction in high-gradient channels. J. Hydrol.
2012, 424–425, 84–98. [CrossRef]
16. Aberle, J.; Nikora, V. Statistical properties of armored gravel bed surfaces.Water Resour. Res. 2006, 42, W11414.
[CrossRef]
17. Qin, J.; Aberle, J.; Henry, P.-Y.; Wu, T.; Zhong, D. Statistical significance of spatial correlation patterns in
armoured gravel beds. J. Hyraul. Res. 2018, in press.
18. Powell, D.M. Flow resistance in gravel-bed rivers: Progress in research. Earth-Sci. Rev. 2014, 136, 301–338.
[CrossRef]
19. Flack, K.A.; Schultz, M.P. Review of Hydraulic Roughness Scales in the Fully Rough Regime. J. Fluids Eng.
2010, 132, 041203. [CrossRef]
20. Tonina, D.; Buffington, J.M. Hyporheic exchange in gravel bed rivers with pool-riffle morphology: Laboratory
experiments and three-dimensional modeling. Water Resour. Res. 2007, 43, W01421. [CrossRef]
21. Boano, F.; Harvey, J.W.; Marion, A.; Packman, A.I.; Revelli, R.; Ridolfi, L.; Wörman, A. Hyporheic flow and
transport processes: Mechanisms, models, and biogeochemical implications. Rev. Geophys. 2014, 52, 603–679.
[CrossRef]
Water 2018, 10, 561 16 of 16
22. Marion, A.; Nikora, V.; Puijalon, S.; Bouma, T.; Koll, K.; Ballio, F.; Tait, S.; Zaramella, M.; Sukhodolov, A.;
O’Hare, M.; et al. Aquatic interfaces: A hydrodynamic and ecological perspective. J. Hydraul. Res. 2014, 52,
744–758. [CrossRef]
23. Zagni, A.F.E.; Smith, K.V.H. Channel flow over permeable beds of graded spheres. J. Hydraul. Div. 1979,
102, 207.
24. Zippe, H.J.; Graf, W.H. Turbulent boundary layer flow over permeable and non-permeable rough surfaces.
J. Hydraul. Res. 1983, 21, 51–65. [CrossRef]
25. Breugem, W.P.; Boersma, B.J.; Uittenbogaard, R.E. The influence of wall permeability on turbulent channel
flow. J. Fluid Mech. 2006, 562, 35–72. [CrossRef]
26. Manes, C.; Pokrajac, D.; McEwan, I.; Nikora, V. Turbulence structure of open channel flows over permeable
and impermeable beds: A comparative study. Phys. Fluids 2009, 21, 125109. [CrossRef]
27. Manes, C.; Poggi, D.; Ridolfi, L. Turbulent boundary layers over permeable walls: Scaling and near-wall
structure. J. Fluid Mech. 2011, 687, 141–170. [CrossRef]
28. Manes, C.; Pokrajac, D.; Nikora, V.I.; Ridolfi, L.; Poggi, D. Turbulent friction in flows over permeable walls.
Geophys. Res. Lett. 2011, 38, L03402. [CrossRef]
29. Kuwata, Y.; Suga, K. Direct numerical simulation of turbulence over anisotropic porous media. J. Fluid Mech.
2017, 831, 41–71. [CrossRef]
30. Aberle, J. Measurements of armour layer roughness geometry function and porosity. Acta Geophys. 2007,
55, 23–32. [CrossRef]
31. Navaratnam, C.U.; Aberle, J.; Daxnerová, J. An Experimental Investigation on Porosity in Gravel Beds. In Free
Surface Flows and Transport Processes; Springer International Publishing: Cham, Germany, 2018; pp. 323–334.
32. Cooper, J.R.; Ockleford, A.; Rice, S.P.; Powell, D.M. Does the permeability of gravel river beds affect near-bed
hydrodynamics? Earth Surf. Process. Landf. 2018, 43, 943–955. [CrossRef]
33. Aberle, J.; Dittrich, A.; Koll, K.; Schoneboom, T. Sohlnahes turbulentes Strömungsfeld. In BAW-Workshop:
Boden- und Sohl-Stabilität—Betrachtungen an der Schnittstelle zwischen Geotechnik und Wasserbau; Bundesanstalt
für Wasserbau: Karlsruhe, Germany, 2004.
34. Spiller, S.; Rüther, N. Artificial reproduction of the surface structure in a gravel bed. In 2nd IAHR Europe
Conference; TU Munich: Munich, Germany, 2012.
35. Navaratnam, C.U.; Aberle, J.; Spiller, S.M. Evaluation of the accuracy of a bed casting technique. In River
Flow 2016; CRC Press: St. Louis, MO, USA, 2016; pp. 398–403.
36. Graf, W.H.; Song, T. Bed-shear stress in non-uniform and unsteady open-channel flows. J. Hydraul. Res. 1995,
33, 699–704. [CrossRef]
37. Leopold, L.B.; Langbein, W.B. The Concept of Entropy in Landscape Evolution. In Theoretical Papers in the
Hydrologic and Geomorphic Sciences; United States Government Printing Office: Washington, DC, USA, 1962;
pp. A1–A20.
38. Cassan, L.; Roux, H.; Garambois, P.-A. A Semi-Analytical Model for the Hydraulic Resistance Due to
Macro-Roughnesses of Varying Shapes and Densities. Water 2017, 9, 637. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
